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Metalorganic chemical vapor deposition of aluminum oxide on Si: Evidence
of interface SiO , formation
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Thin films of aluminum oxide were deposited on H-passivatedl(8) substrate using
trimethylaluminum and oxygen at 0.5 Torr and 300 °C. Fourier transform infi@€kR) and x-ray
photoelectron spectroscopic analyses of these films showed no aluminum silicate phase at the
film—substrate interface. The O/Al ratio in the deposited film was found to be higher than that in
stoichiometric A}O5. On annealing thas-depositedamples in Ar at 900 °C, an absorption peak

due to the transverse optical phonon for the-&—Si stretching mode appeared in the FTIR
spectra. A combination &t-contrast imaging and electron energy-loss spectroscopy in the scanning
transmission electron microscope confirmed that the annealed samples developed a layer of silicon
dioxide at the aluminum oxide—Si interface. Our results suggest that excess oxygen present in the
deposited film reacts with the underlying Si substrate and forms silicon oxide20@ American
Institute of Physics.[DOI: 10.1063/1.1483903

Aluminum oxide has emerged as one of the promisingaluminum oxide films on Si and characterize the deposited
substitutes for the SiQDdielectric layer in complementary films and their interfaces with the substrate using a combi-
metal—oxide—semiconductor device fabricattdtprovides nation of Fourier-transform infraredFTIR) spectroscopy
many advantages over other potential candidates in severahd x-ray photoelectron spectroscopéPS). While the tra-
aspects. With a dielectric constant( o,~9) more than ditional method of investigating interfaces, transmission

twice that of SiQ (esjo,~3.9), Al,O5 has a band gap of9 electron microscopyTEM), provides a high degree of spa-

eV, a 2.8 eV conduction band offset to Si, and it is robusttial reso_ll_Jtion, it is not se_nsitive to small local changes_ in
enough to withstand high-temperature wafer processim{jomposnmn and .elect.ronlc structure. However a combina-
steps. Under normal processing conditions, @l is amor- lon of Z-contrast imaging and electron energy—lo_ss spectros-
phous, althoughy-alumina (cubic) may form at high tem- copy (EELS_)’ Fhat has been used here, can proylde an accu-
perature (>750 °0.23 Both amorphous AD; (<350°0 rate description of the structure and chemistry of the

and cubic alumina(>750°Q form a thermodynamically interface with high spatial resolution,

. . ) . . Ultrathin aluminum oxide films were deposited using
stable interfaceon Si. One stud§,involving atomic layer TMA (Akzo Nobe) and oxygen in a custom-made low pres.

controlled deposition using trimethylaluminufMA) and sure chemical vapor deposition chambdie sample was

H.0, pointed out that A0, was formed withougny alumi- heated with a quartz halogen lamp and a proportional inte-

num silicate phase at the interface when the Si substrate W%Sral differential controller(Eurotherm Inc., Virginia was

Shucy reporied aluminum siicate phase formation at he ox USSC 10 MaIntan the Substrate femperature WIEBFC dur-
) P ) b : . . ing operation at 0.5 Torr. Bubbling Ar at 30 émmin (at 1
ide substrate interface when triethyldialuminum tri-sec-

butoxide and G (at ~400°Q was used. ?;;ncir;%éir.(): delivered the organometallic precursor into
TMA has _been used in the_rr_nal as well _as p!asma €N Double polished 4 inn-Si(100 floating zone wafers,
hanced chemical vapor deposition Of, alumina fiftfisat diced into 15 mnx 22 mm samples, were rinsed in deionized
temperatures lower than 400 °C. The widespread use of TM'Qvater(NANO pure water system, Barnstead, Dubuque), 1A
is primarily due to its high vapor pressure at room temperazg | ;wved by treatments in 580, :H,0, (1:2) to remove or-
ture and high pyrolytic decomposition temperatureg‘,jmiC contamination and a 30 s dip in buffered HNH,F:
(>350°0, which allows its use over a wide temperature 4q04 HE 10:3 to remove the native oxide. In a typical op-
range. In most studies mvolvmg TMA, 40 was used as the eration, after sample loading, the chamber was purged with
oxygen source. Recently, reaction of TMA with oxygen hasa; 4t 0.1 Torr, while the sample temperature was ramped to
been studied using a matrix isolation technidue. the desired setpoint. This was followed by alternate expo-

In this work, we explore the use of TMA and oxygen for ¢ ,res of TMA and @, each for 30 s, with Ar purging in
low-temperature metalorganic chemical vapor deposition ofatveen each reactant exposure.

FTIR normal incidence transmission spectroscopy
dE|ectronic mail: takoudis@tigger.cc.uic.edu (Nicolet, Magna-IR 56D over the wavenumber range of
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) ) ) ) "FIG. 2. XPS spectra ofas-deposited5 nm aluminum-oxide fiim on
FIG. 1. FTIR spectra of 5 nm aluminum-oxide film on H-passivated Siy_passivated Si deposited at 300 °C, showing thepSiand Al 2p.
deposited at 300 °Gs-depositeda); after 25 min annealing at 900 °C in Ar
(b). The TO phonon associated with the asymmetric stretch of the O in
Si—0—Si bridging bond is present in the annealed sample. optical (TO) phonon associated with the asymmetric stretch

of the O in S—=O—Si bridging bond. Also worth mention-

4000 to 400 cr was used. The sample thickness was meaing is the absence of any feature due te-&-—Al mixed
sured with spectroscopic ellipsomety. A. Woollam Co., Vibrations, which appedt above 1000 cm'.

Inc., Model M-44. XPS (Kratos, AXIS Ultra XP$ analyses XPS analysis ba 5 nmaluminum oxide film deposited
of the samples were used to evaluate the bonding states aft300 °C, on clean oxide-free &i00) is presented in Fig. 2.
atomic composition. The scanning tunneling electron microsThe Si2p signaP® at 99.3 eV is due to 8j however, no
copy (STEM) and EELS results presented in this letter weresignal from St* (n>0) states is present. A previous study
obtained using a JEOL 2010F STEM/TEM, having areporting aluminum silicate phase formation near the inter-
Schottky field emission gain source and being operated dg@ice during chemical vapor deposition of,8, assigned a
200 kv [t is equipped with a standard UHR “ultrahigh peak near 102 eV to Al in AO—Si bonds? Beside such
resolution” objective lens pole piece, a JEOL annular dark-bonds, presence of %i in the Si2p spectra of a 3.5 nm film
field detector and a postcolumn Gatan imaging filitéThe ~ was reported. The position of the Ap2peak at 75.43see
lens conditions in the microscope were defined for a prob&ig. 2 indicates the presence of Al state(corresponding to
size of 0.2 nm, with a convergence angle of 13 mrad and &nhydrous oxide®***The absence of any other feature in
collection angle of 52 mrad. With these settings, the probdhe Al 2p spectra shows that no Ais present. XPS analysis
current is sufficient40 pA) to obtain statistically significant of the same samples obtained at 30° gives identical binding
information andZ-contrast image is incoherent; i.e., a direct energies indicating homogeneous composition in the film.
image of the interface is acquired. The experimental setughe FTIR and XPS analyses a$-depositediims show that
for this microscope allows us to use low-angle scattered eledieither any aluminum silicate phase nor any silicon oxide is
trons that do not contribute to th&-contrast image for present at the film—substrate interface.

EELSM As the two techniques do not interfer&contrast OJ/Al ratio in aluminum oxide depends on the process
images can be used to position the electron probe at theondition§'*>and values as high as 1.85 had been previously
desired spot in the sample to acquire spetard’ The ex-  reported?® The O/Al ratio in the deposited film was calcu-
perimental conditions in the microscope mean that beantated using the integrated intensities of the fAland O Is
damage is always a potential issue. However, for the resulggeaks and atomic sensitivity factors for Al and O. The ratio
obtained here, several spectra with acquisition times@5  was found to be~2.1, which is 40% higher than that for
s are acquired consecutively in each position and comparestoichiometric A}O5. The slightly higher value of the bind-
to ensure that the beam damage is not contributing signifing energy of the Al* states can be explained by consider-
cantly to the observed spectral changes. ing the presence of excess oxygen in the system.

Figure Xa) shows the FTIR absorbance spectra of a 5  Aluminum oxide films deposited at 300°C were an-
nm aluminum oxide film deposited at 300°C, on cleannealed in Ar at 900 °C. A FTIR spectrum of a sample an-
oxide-free S{100. The broad features that appear in thenealed for 25 min is shown in Fig.(l). The strong absorp-
range of 500 to 1000 cit are characteristic of aluminum tion band at 1058 cit is identical to the TO mode arising
oxide. O—Al—O bending mode appears in the range of 650from the asymmetric stretching of O in-SiO—Si, in ther-
to 700 cm1® The A—O stretching mode appears as amally growrf*?® amorphous silicon dioxideatSiO,). The
broad band over 750 to 850 cth®'® The overlapping of intensity of this peak increased rapidly with annealing time
these two modes gives rise to the wide band with two distincbefore reaching a constant value. This indicates that on an-
peaks® at ~690 and 745 cm'. The absorption band at 610 nealing anas-depositedsample, a SiQ layer is formed be-
cm ! is due to AO stretching in condensed A0 tween the deposited alumina film and th¢180) substrate.
octahedral’~'° No spectral feature is present at 1345 ¢m Figure 3a) shows a high-resolutiod-contrast image of
indicating the absence of any-AlO in the film!° The ab- a5 nm deposited film annealed for 25 min in Ar at 900 °C.
sence of any SO in the film is suggested by the absence of The Si substrate is located at the bottom of the micrograph
any feature near 1060 crhcorresponding to the transverse and the individual atomic Si coiumns in th#10) direction
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Diffusion of excess oxygen in the deposited
aluminum-oxide film is apparently responsible for the
formation of the interfacial Si©layer.
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FIG. 3. Aluminum-oxide film, annealed at 900 °C in Ar for 25 miia) No. DEFG02-96-ER45439.
Z-contrast imagéspatial resolution~2 A) with location of EELS analysis
indicated. (b) Background subtracted and multiple scattering corrected

EELS spectrdacquisition time 0.5 s; energy resolution 1.0)ellowing Si
and Al edges.
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